T he efficient dispersion of powders in liquids is required in many fields. However, there are only a few studies on the physicochemical properties of the powders and the dispersion rate. The process of dispersing an agglomerated powder is mainly controlled by the forces acting between the primary particles, and between particles and liquid. In this paper, we present an experimental study of the dispersion kinetics of a hydrophobic powder (cocoa) in water. We firstly determined the surface free energy of the powder using several methods (static wettability, dynamic wettability). Interpretation of calculated values of spreading coefficients and interaction parameters revealed no energetically favoured cocoa -water interactions. A series of dispersion experiments were conducted in a stirred vessel to investigate the influence of stirring speed, temperature and concentration of powder in water. The dispersion concentration was measured using an optical scattering method, which was shown to give good information for evaluating the dispersion process. The experimental data fit an exponential mathematical model with two parameters (A, a):
INTRODUCTION
Dispersion is defined as the uniform repartition of a solid in a liquid. To disperse a powder in a liquid is an important stage in various industrial processes and many actions in daily life. This includes successive or simultaneous steps such as wetting, sinking, dispersion and dissolving for soluble compounds (Schubert, 1993) . Generally, agglomeration is used to improve the dispersion rate of a powder. The process of dispersing an agglomerated powder is mainly controlled by the forces acting between the primary particles and between particles and liquid, but only a few studies relate the physicochemical properties of the powders and the dispersion rate. In this paper, we present an experimental study of the dispersion kinetics of the free cocoa powder in water. The wetting behaviour of this agglomerated food powder in low-fat milk has recently been studied as a function of the amount of fine particles added in the prepared instant product (Kyaw Hla and Hogekamp, 1999) . Unfortunately, no discussion of the liquid -solid interactions has been reported. For this purpose, we firstly determined the surface free energy of the pure cocoa powder using several methods. The dispersion kinetics of cocoa in water were investigated using an optical method, as a function of two physical parameters: agitation speed and temperature.
MATERIALS AND METHODS

Main Physical Properties of Cocoa Powder
The cocoa powder used in this study has been characterized in terms of particle size, flowability and various density measurements (Vu et al., 2003) . The main characteristics are summarized in Table 1 . The cocoa powder is a fine and very cohesive powder.
Surface Free Energy and Contact Angle Measurements
Several methods can be used to determine the surface energy of a powder. The first method is referred to as Stevens's method (Stevens et al., 1974) . This method is qualitative and subjective. It consists of sprinkling the powder on the surface of solutions of known surface energy. The value of the powder surface energy is taken to be that of the surface energy of the mixture for which the sprinkled powder is wetted in less than 1 min. Other methods are based on some static or dynamic contact angle measurements, Young's sessile drop method and Washburn's capillary rise method. Those methods are well known and described in the literature (Buckton, 1990; Good, 1977; Yang et al., 1988) . The sessile drop method consists of the deposition of a drop of liquid on a compressed powder disc or on the surface of the packed powder, and measuring the contact angle formed by the drop on the surface. The use of different liquids permits the estimation of the limiting surface energy of a liquid to wet the powder (Zisman, 1964) . The capillary rise method consists of measuring the rates of penetration of two liquids into a powder bed, one of which is known to be perfectly wetting and is used to determine a 'constant parameter' and the other is the liquid for which a contact angle is required [see equation (1)
These three different methods were used to estimate the surface energy of cocoa powder. Stevens's method was used with solutions composed of mixtures in different proportions of water and 2-propanol (pure water, 5, 10, 25, 50 and 75% 2-propanol -water mixtures and pure 2-propanol). The sessile drop method was used with the same mixtures. Drops of 30 ml of liquid were deposited on the packed cocoa powder surface. No compression was exerted on the powder to avoid modification of the surface structure and composition of the cocoa particles. The static contact angles were determined as a function of the surface energy of the solutions. Then, the capillary rise method was adopted with pure water and pure 2-propanol into a packed powder bed of 1 cm height to determine the dynamic cocoa powder -water contact angle. The surface energies and the contact angles were measured at 208C with Krüss devices (K12 tensiometer and with a goniometer G40 connected to a Sony camera). Each measurement was repeated three times. The standard deviation for the contact angles measurements was +38.
Dispersion Kinetics
The dispersion kinetic measurements of the cocoa powder were performed in a steel reactor equipped with a mechanical stirrer and with an optical fibre sensor ( Figure 1 ). This technique allows the determination of the fluctuations of volume concentrations in a suspension, which can be interpreted in terms of the quality of the dispersion. The sensor is composed of a central emitting optical fibre and a six-fibre crown to collect the light back-scattered by the particles in the suspension (Figure 2 ; see Bergougnoux et al., 1999 for more details).
First, a calibration curve of voltage R vs the cocoa powder concentration C was performed by dispersing a given amount of cocoa powder in water at high agitation speed over a long time to obtain a constant signal. Then, the voltage referring to the particle concentration C1 was considered as the infinite response R1. The relative concentration X(t) of dispersed cocoa particles was determined as a function of time using equation (2):
(2)
The experimental curves were fitted to the two-parameters exponential model of equation (3):
An example of dispersion kinetic is shown in Figure 3 . Two experimental parameters were then deduced from this curve: t (1/2)d (s), the half-time dispersion, and t d (s), the dispersion time referred to the time at X(t) ¼ 0.9. The initial dispersion rate was calculated for each experimental condition with the initial slope of the dispersion curve, and a very good correlation was observed with a (s 21 ). This parameter quantifies the dispersion rate of the particles. The other parameter A corresponds to the final stage of the dispersion, close to 1 when all the particles are totally dispersed in the water. Other authors have used this exponential model to describe the dissolution kinetics of alginate powders (Larsen et al., 2003) . They also gave the same interpretation of the two mathematical parameters. Preliminary studies have shown that the reactor geometry has little influence on the dispersion kinetics. The mechanical stirrer has more influence (shape, number of blades for example). In this study the steel reactor (length 16 cm, width 16 cm and height 20 cm) was fitted with a 6 cm diameter dispersion disc. The method to introduce the particles was also a critical parameter (there was faster dispersion when the cocoa particles were sprinkled, for example). In this study, cocoa powder (10, 20 or 30 g) was simply dropped in a mass on to the surface of the liquid (21).
RESULTS AND DISCUSSION
Surface Free Energy and Contact Angles
Using the sprinkling method, we observed that at high surface energy only few particles on the surface were wetted by the liquid. The cocoa powder was partially wetted when the surface energy of the liquid was less than 50 mJ m 22 . When the surface energy of liquid was lower (between 30 and 40 mJ m 22 ), the cocoa particles were wetted and some particles went down slowly in the liquid. When the surface energy of the liquid was less than 30 mJ m 22 , all the particles were rapidly wetted and sank in the liquid. The equivalent surface energy of cocoa powder was difficult to estimate using this method. We conclude that liquids with lower surface energies than 40 mJ m 22 will wet the cocoa powder.
The static contact angles u as a function of g the surface energy of the water -2-propanol mixtures are given in Figure 4 . The results confirm a step near 40 mJ m 22 : for surface energy lower than this value, the contact angle decreases as a function of the surface energy but for values greater than 40 mJ m 22 , the contact angle is constant near 808. The Zisman's plot (cos u in function of g) is shown in Figure 5 . The extrapolation of the line [of equation cos u ¼ 1 þ b(g 2 g c )] permits g c to be determined, where g c is the limiting surface energy such that liquids with g , g c will wet the solid with zero contact angle (Zisman, 1964) . For cocoa powder, this limiting surface energy is 15 mJ m 22 . Liquids with higher surface energies will not spread perfectly on the powder (nonzero contact angle). The curve shows the same inflection point between 30 mJ m 22 and 40 mJ m 22 .
These two methods gave the minimum surface energy of the liquids that gave perfect wetting (g ¼ 15 mJ m 22 ) or partial wetting (g ¼ 40 mJ m 22 ) of the cocoa powder. Water, with a high surface energy (72.8 mJ m 22 at 208C) should be a very poor wetting liquid. We confirmed this with Washburn's capillary rise experiments. An ideal wetting liquid was not used due to the partial solubility of the cocoa powder in alkanes such as hexane. To determine the constant K, we used pure 2-propanol and the dynamic contact angle was assumed to be equal to the static contact angle determined above. This hypothesis is in accordance with Buckton's review, in which the comparison of the two contact angle measurement methods gave the same results for contact angle up to 708 (Buckton, 1990) .
The capillary rise into the cocoa powder bed was investigated with pure water, pure 2-propanol and mixtures of the two. The capillary rise took a time long even for the pure 2-propanol (about 30 min) but the complete cocoa powder bed was wetted. The dynamic contact angles were calculated from the initial slope of the capillary rise kinetics and plotted as a function of the surface energy of the liquids in Figure 6 . An important modification of the curve was observed near 30 mJ m 22 . The very high values of the contact angles with water (898) and mixtures with surface energies higher than 30 mJ m 22 revealed very poor wetting of these liquids. These measurements confirmed that water is a non-wetting liquid for cocoa powder. The dynamic contact angle measurements revealed a limiting surface energy to characterize the wettability of liquids on the cocoa powder; this limit was 30 mJ m 22 . Additional investigations were done to calculate surface energy of the cocoa powder. The polar g p and dispersive g d components of the surface energy of the two liquids, water and 2-propanol, were used to determine the surface energy of the cocoa powder using equation (4) (Wu and Kenneth, 1971) :
For water, the surface energy components are well known (Van Oss et al., 1989; Planinšek et al., 2000) . For 2propanol, we used nearly the same g d /g ratio (0.9) as for 1-propanol, with respect to a surface energy value of 21.4 mJ m 22 at 208C (Chibowski, 2003; CRC Handbook, 2002) . The contact angles were taken from the previous experiments: 89 + 38 for water and 49 + 38 for 2propanol. We then had two equations with two unknown quantities g S p and g S d The double equation system was solved and the values used are reported in Table 2 . The surface energy components g S p and g S d for the cocoa powder were, respectively, 11.4 and 15.9 mJ m 22 . The calculated surface energy of the cocoa powder was then 27.3 mJ m 22 . This value was very close to 30 mJ m 22 and was in agreement with the limiting surface energy of liquids to wet the powder.
The solid-surface free energy components of cocoa powder were used to calculate the spreading coefficients, l, to predict the interactions with water. The intermediate parameters (W coh , work of cohesion, and W SL , work of adhesion) were calculated from equation (5). The two spreading coefficients, l SL and l LS , calculated from equation (6), are given in Table 3 . For more details see Hie-menz (1997) , Rowe (1989a) and Planinšek et al. (2000) .
In accordance with Rowe (1989b) , the above spreading coefficients reveal a non-spreading behaviour of water on the cocoa particles, with the formation of liquid bridges between the particles. This conclusion confirms the lack of affinity of water for cocoa powder.
Influence of Agitation Speed on Dispersion Kinetics
The influence of the agitation speed on the dispersion kinetic of the cocoa powder in pure water was studied for three concentrations (0.5, 1 and 1.5% in mass fraction), at 208C. The parameters calculated from the curves are given in Tables 4 and 5 . The fitted curves for concentration 1.5% are shown in Figure 7 .
Without agitation the cocoa powder stayed at the surface of the water for a long time without being wetted and dispersed (Figure 7) . This is in agreement with the nonwetting properties of liquids with high surface energy and our previous observations concerning the capillary rise experiments. At low agitation speed (240 rpm), the dispersion of the cocoa particles was not complete (t d cannot be deducted) and A was very much less than 1. We observed some cocoa particles remaining at the surface. At higher agitation speed, we observed that the dispersion was total for all cocoa concentrations. All the cocoa particles were removed from the surface and were swept along by the vortex. The concentration of dispersed particles in water increased more rapidly when the agitation speed increased. The dispersion time t d decreased with agitation speed and at the same speed increased with the cocoa powder concentration. The analysis of the results also revealed that for the three concentrations the dispersion kinetics were not very different at high agitation speeds. Under our experimental conditions the limiting speed was 630 rpm. This was well demonstrated at 1 and 1.5% concentrations: when the agitation speed was greater than 630 rpm, there was no further improvement in the dispersion kinetics. These results confirm that the mechanical agitation is necessary to disperse the cocoa particles. This can be related to the high particle -particle interactions and poor spreading properties of water. Mechanical energy is necessary to break the particle aggregates and create the cocoawater interface to disperse the particles, but, beyond a limit, there is no further improvement in the dispersion rate.
Influence of Temperature on Dispersion Kinetics
The dispersion kinetics of the cocoa powder were measured at different temperatures from 20 to 358C, at 1% and 630 rpm. The dispersion data are shown in Figure 8 . The two parameters A and a are reported in Table 6 .
We observed that the temperature had a large effect on the dispersion kinetics of the cocoa powder. An increase in temperature improved the dispersion of the cocoa particles in water. This can be explained by the modification of the physical properties of water covering viscosity and, in particular, surface energy. A decrease in the surface energy of the water enhanced dispersion by decreasing the work of cohesion of the liquid. Thus, higher temperature also favour the dispersion of cocoa powder in water.
CONCLUSIONS
This experimental work brings some new considerations into the dispersion kinetics of a powder in water. Cocoa powder is a good example for this study due to its end-use (e.g. in instant powder) and because of its high cohesivity.
The study of the solid -liquid interactions reveals very poor wettability of cocoa powder in water. The surface energy of the cocoa powder has been estimated to be around 30 mJ m 22 (27.3 mJ m 22 ). The spreading coefficient values are in accordance with a non-energetically favourable water spreading on the cocoa particles.
We have then investigated the dispersion kinetics of cocoa powder in water. The optical method used is very accurate for measuring the concentration of solid particles in liquids as a function of time. All experimental data fit an exponential equation with two parameters. These parameters are highly dependent on the experimental conditions. The interpretation of the results reveals that both mechanical agitation and the temperature are critical parameters. Mechanical agitation enhances dispersion kinetics by forcing the creation of a water -cocoa interface, and the temperature acts to decrease the work of cohesion of water. 
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